InN is a low band gap, high electron mobility semiconductor material of interest to optoelectronics and telecommunication. Such applications require the deposition of uniform crystalline InN thin films on large area substrates, with deposition temperatures compatible with this temperature-sensitive material. As conventional chemical vapor deposition (CVD) struggles with the low temperature tolerated by the InN crystal, we hypothesize that a time-resolved, surface-controlled CVD route could offer a way forward for InN thin film deposition. In this work, we report atomic layer deposition of crystalline, wurtzite InN thin films using trimethylindium and ammonia plasma on Si(100). We found a narrow ALD window of 240-260 °C with a deposition rate of 0.36 Å/cycle and that the flow of ammonia into the plasma is an important parameter for the crystalline quality of the film. X-ray diffraction measurements further confirmed the polycrystalline nature of InN thin films. X-ray photoelectron spectroscopy measurements show nearly stoichiometric InN with low carbon level (< 1 atomic %) and oxygen level (< 5 atomic %) in the film bulk. The low carbon level is attributed to a favorable surface chemistry enabled by the NH3 plasma. The film bulk oxygen content is attributed to oxidation upon exposure to air via grain boundary diffusion and possibly by formation of oxygen containing species in the plasma discharge.
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I. INTRODUCTION
Indium nitride (InN) has interesting optical and electronic properties such as low energy band-gap (0.7 eV), very high electron mobility (theoretical maximum 4400 cm 2 /V×s) and high electron saturation velocity (4.2×10 7 cm/s) making it an attractive material for e.g. high frequency electronics and lasers. 1, 2 Chemical vapor deposition (CVD) of InN using trimethylindium, (In(CH3)3, TMI) and ammonia (NH3), as precursors is limited by the thermal stability of the InN crystal above 500 ºC, as it decomposes to In metal and N2 gas at those temperatures. 3 This combined with the TMI decomposition (that occurs homogeneously in the temperature range 120−535 ºC), 4 and low reactivity of NH3 at temperatures below 500 ºC, 5 force the use of N/In ratios as high as 10 5 in CVD of InN. 6 We hypothesize that a better route would be a surface-controlled CVD process where the role of the gas phase chemistry is strongly reduced or even eliminated. A time-resolved CVD route, where the In and N precursors are separated in time to promote a kineticallycontrolled pulsed process, could be such a route. Therefore, a time-resolved CVD process in the form of atomic layer deposition (ALD) for InN was explored. Given the low reactivity of ammonia at low temperatures, a nitrogen containing plasma has been used in previous studies for ALD of both polycrystalline and epitaxial InN on different planar and 3D substrate topographies. [7] [8] [9] [10] [11] The literature on InN ALD uses mainly TMI as In precursor, with InCp as a notable exception. 12 It has been shown that Ar-N2 plasma and TMI, results in a poorly functioning surface chemistry for removal of methyl groups from the surface, and requires very long plasma exposures, up to 120 s. 9, 11 Nepal et al. reported a correlation between changes in the gas-phase chemistry of the plasma source and InN film; higher nitrogen atom concentration within the plasma source is correlated with smoother InN films. Furthermore, low N2 flow appears to aid reduction of the carbon content. 10 The use of ammonia plasma as an alternative nitrogen source for InN ALD has not been fully investigated, although briefly mentioned by Ozgit-Akgun et al. 12 The approach to InN ALD employing
In(CH3)3 is interesting since the NHx species present in the plasma are believed to remove hydrocarbons from the surface. 13 In this work, we report on the self-limiting growth of crystalline InN thin films by ALD using TMI and ammonia plasma.
Additionally, the impact of ammonia plasma power and ammonia flow on film quality has been investigated, analyzed and described in detail.
II. EXPERIMENTAL

A. Film deposition
Depositions were carried out in a Picosun R-200 atomic layer deposition tool without load lock chamber with a total pressure of 6 hPa. The ICP plasma is generated within a quartz tube surrounded by a cylindrical RF coil. The substrate holder stage is located downstream (~70 cm) from the plasma source. ALD of InN were conducted within the temperature range of 200-360 ºC on 2×2 cm Si(100) using NH3 plasma, and
In(CH3)3, kept in a stainless-steel bubbler mounted in a Peltier element with the temperature set at 23 ºC. N2 (99.999 %) was used as the carrier gas for trimethylindium precursor delivery to the reaction chamber. The plasma was ignited using a co-flow of 100 sccm Ar (99.9997 %) together with the NH3 (99.999990 %) flow. N2, Ar, and NH3 gases were further purified by getter filters. The gas mixture was fed into the system downstream from the ICP source. Unless stated otherwise, the NH3 flow rate was 50 sccm and the plasma power in the range from 2400 W to 2800 W with 10 s plasma
pulses. An AB-type ALD process was used with TMI and NH3 plasma. The TMI vapor pressure is given by Eqn. (1) 14 :
,
which gives the vapor pressure of TMI to 1.46 hPa at 23 ºC, which is lower than the total pressure in the deposition chamber. We therefore used a bubbler "fill-empty" approach for the TMI exposure: During the first pulse, the fill-pulse, the ALD valve is opened and a high flow of 300 sccm nitrogen carrier gas is passing through the bubbler. The high flow increases the total pressure in the bubbler. The partial pressure of the TMI in the bubbler is not expected to be affected by this. Then in the second pulse, the empty-pulse, the ALD valve is opened to the bubbler and a low flow of 100 sccm nitrogen carrier gas is flown through the bubbler. The high pressure in the bubbler, created by the high nitrogen flow in the fill-pulse, serves to empty the bubbler into the reaction chamber.
This can be noted by carefully monitoring the pressure in the growth chamber; a short increase in pressure can be noted during the empty-pulse. The two pulses are separated by 10 s to allow gas mixing in the bubbler. The pulse times used in the fill-empty of the process was 4 s for the fill sub-pulse and a variable time for the empty sub-pulse. A 10 s purge was used after the TMI fill-empty pulse sequence followed by 10 s NH3 plasma exposure, unless otherwise noted, and 6 s purge to complete the ALD cycle.
Prior to deposition, the Si(100) substrate was cleaned in acetone, 2-propanol and deionized (DI) water with further sample drying under N2 flow. Silicon substrates were transferred into the ALD chamber which was held at the set deposition temperature. An in-situ surface pretreatment with 2800 W N2 plasma for 2 min was conducted to make the substrate surface somewhat more nitrogen-rich before InN growth. Post-deposition annealing of some InN films was done in the reactor prior to unloading the sample by increasing the temperature to 500 ºC for 2 hours at 10 sccm N2 flow.
B. Film characterization
X-ray diffraction (XRD) analysis was performed by using Empyrean PanAnalytical X'Pert system with a Philips Bragg-Brentano diffractometer that was equipped with a parallel beam detector. The Cu Kα radiation source (λ=0.154[06] nm) was operated at 40 kV and 40 mA. The grazing incidence X-ray diffraction (GIXRD) mode was used to minimize the intensity from the substrate peaks since the films were limited in thickness.
The incoming beam angle, ω, was 0.5º. Data were obtained within the 2θ range of 20-90º, which were performed using 0.02º step size and 1 s step time. Interplanar spacing (dhkl) values were calculated from peaks position using Bragg's law for hexagonal lattice. Lattice parameters a and c were calculated by substituting dhkl values using Eqn. (2).
Thickness and film density of the deposited films where measured by a PanAnalytical X'Pert Pro in the X-ray reflectometry (XRR) mode. Growth rates were calculated by dividing film thicknesses by the number of ALD cycles. Surface morphologies of InN thin films were studied using a high-resolution LEO 1550 Gemini field emission SEM. Chemical composition and bonding states of the films were determined by an Axis Ultra DLD instrument from Kratos Analytical X-ray photoelectron spectroscopy (XPS) with a base pressure of 1.1×10 -9 Torr (1.5×10 -7 Pa) and monochromatic Al Ka source (hυ=1486.6 eV). Depth profiling was carried out using an Ar ion sputter beam with an acceleration voltage, spot size, and a sputtering time duration of 0.5 kV, 300×700 μm, and 400 s respectively. Spectra deconvolution and quantification were performed using Casa XPS software.
The Raman spectra are measured in a micro-Raman setup in the wavelength range 72-1624 cm -1 using excitation of 532 nm. The laser (with power of 1 mW to avoid thermal damage to the sample) is focused on the sample to a spot of diameter 0.85 µm using a microscope objective with magnification 100X and numerical aperture 0.95. The detection of the spectra is done with a single monochromator (Jobin-Yvon, Model HR460) equipped with a 1200 grooves/mm grating and a CCD camera. The resulting resolution of the system is 2.5 cm -1
. Owing to the small thickness of the InN layers, the spectrum is strongly dominated by the Raman scattering from the Si-substrate. Nevertheless, it is possible to distinguish clearly the contribution from the InN layer, as will be discussed later.
Ellipsometric spectra of the films were recorded in the wavelength range of 200-1500 nm at three angles of incidence (65º, 70º, and 75º) by using a variable angle 
C. Plasma characterization
Optical emission spectroscopy (OES) was performed using the Mechelle 900
Spectrometer with cooled digital 12-bit CCD camera system with a wavelength range of UV-NIR (200-1100 nm), mounted perpendicularly to the plasma source. Light emitted from the NH3 plasma was collected and directed to a monochromator with an optical fiber cable.
The optical emission from the plasma was measured just after the ICP source in the gas flow direction, before the plasma reached the substrate. Data was analyzed with consideration for spectrometer spectral resolution of 900 (meaning that two wavelengths separated by 1/900 of the wavelength can be resolved). The measure of resolution is a constant of the instrument, which implies that the fractional wavelength resolution does not vary with the wavelength.
The plasma diagnostics were focused on the formation of NH, N2, N2 + , and H, at different plasma power, NH3 flow rate, and their influence on InN properties.
III. RESULTS AND DISCUSSION
The InN deposition process was studied by varying the second sub-pulse, i.e. the empty sub-pulse of the TMI fill-empty pulse between 0 and 6 s, while keeping the fill sub-pulse at 4 s and the NH3 pulse at 10 s, or by keeping the fill sub-pulse at 4 s, the empty sub-pulse at 3.5 s and varying the NH3 plasma pulse between 0 and 20 s. For all experiments, the purge times (6 s), deposition temperature (300 ºC) and plasma power (2400 W) were kept constant. The conventional ALD cycles with a single step TMI pulse, i.e. only a 4 s fill sub-pulse, did not afford uniform InN growth on Si (100) substrates. We ascribe this to insufficient TMI vapor delivery. Figure 1a shows the effect of the time for both the TMI pulse and the NH3 plasma pulse on the growth rate of InN. A second set of experiments (Fig. 1b) which could be regarded as a narrow ALD temperature window. It should, however, be noted that the saturation curves are done at higher temperatures, 300 ºC and 320 ºC, demonstrating that the deposition chemistry is self-limiting also at these higher temperatures. The growth rate then further increases to reach 0.62 Å/cycle at 360 ºC (Fig. 1b) . This indicates saturation in growth rate both as a function of the precursor pulse time and of the temperature. The ALD-cycle for further experiments were set to: TMI 4 s fill sub-pulse and 3.5 s empty sub-pulse, 10 s purge, 10 s NH3 plasma and 6 s purge. Figure 3 displays the SEM images of InN morphology for films deposited at 300 °C with various durations of the TMI empty sub-pulses. Without the use of fill-empty for the TMI pulse, the deposition process leads to growth of isolated islands (Fig. 2a) . By only adding a 0.1 s empty sub-pulse, the islands coalesce (Fig. 2b) . Longer empty sub-pulses lead to growth of continuous films consisting of smaller and smaller grains with longer time for the empty sub-pulse. We interpret this as insufficient TMI delivery without the empty sub-pulse. devices. For such applications, the crystalline quality and the amount of impurities must be reduced. We have therefore focused most of our efforts to a deposition temperature of 320 °C. Figure 4 displays the SEM images of crystalline grain structures of InN films deposited with 2400 W, 2500 W, 2700 W, and 2800 W plasma power at 320 °C.
FIG. 2. Top view SEM images of
Changing the plasma power does not have a clear impact on the film morphology, while the GIXRD shows a change in crystalline quality (Fig. 6b) . The growth rate changes somewhat with the plasma power from 0.51±0.03 Å/cycle at 2400 W to 0.47±0.03 Å/cycle at 2800 W. (002) and (011) reflections (Fig. 7a,b and Fig. 8b ). Interplanar spacing (dhkl) values of (002) GIXRD of InN thin films grown with 2400 W NH3 plasma power at 240 ºC, 320 ºC, and 360 ºC indicated that with higher temperature, the c-axis and a-axis lattice parameters are shifting towards the values that corresponding to the fully relaxed and strain free InN films (Fig. 7a) . Furthermore, the investigation of crystalline quality of InN films grown under 2400 W, 2500 W, 2800 W plasma power and 320 ºC deposition temperature indicate that c-axis and a-axis lattice parameters keep shifting towards caxis and a-axis lattice parameters that corresponding to the single crystal InN film (Fig. 7b) . GIXRD of 40 nm and 49 nm InN thin films grown with 2800 W NH3 plasma power at 320 ºC, and 360 ºC with an added annealing at 500 ºC for 2 h indicated that the annealing affected the relative intensities of the peaks. For the InN films grown at 320 ºC (40 nm), and 360 ºC (49 nm), the c-axis lattice parameter was 5.7140 Å and 5.7058 Å while the a-axis lattice parameter was 3.5198 Å and 3.5254 Å, showing that the annealing further reduces the stress in the material. GIXRD measurements of InN films grown with different ammonia flows (Fig. 8a, Fig. S1 ) show that the diffraction peaks intensities increase with higher ammonia flow, and that the a-and c- Table S1 . XRR for 35 nm-thick InN film deposited with 100 sccm NH3 flow under 2800 W plasma power at 320 ºC reveals film density of 6.47 g/cm 3 which is in agreement with previously reported values. XPS measurements were conducted on InN thin films grown at 320 ºC with and without a subsequent annealing at 500 ºC. Figure 9 shows the narrow scan XPS of In 3d and N 1s spectra for different growth and post-treatment temperatures which refer to the bulk film (tetch = 400 s), and which is in agreement with previously reported values.
9,21
The surface of the InN film is oxidized and carbonized (30% oxygen and 25% carbon)
is likely to originate from post-deposition exposure to atmosphere. For compositional depth profile measurements, InN thin films were etched by Ar + ions in steps of 400 s to obtain elemental composition from the bulk of the films. While carbon is detected on the films surface, the carbon signal is below the XPS detection limit in the bulk of the InN films. This is indicative of a well-functioning surface chemistry with the ammonia plasma, aiding in the removal of the methyl groups on the surface. 22 Significant amounts of oxygen (O) were detected in the bulk of the film, (Table I ). This could be caused by oxygen containing species formed in the quartz tube of the inductively coupled plasma source. 10 The polycrystalline nature of the films could also lead to oxidation of the film bulk via oxygen diffusion in grain boundaries. (Table I) indicating nitrogen deficient films. The In 3d XPS spectrum (Fig. 9) show two spin-orbit doublets; In3d5/2 and In 3d3/2 (with intensity ratio 3:2) for InN thin films grown at 320 ºC with and without a subsequent annealing at 500 ºC. The sub-peaks of the In 3d5/2 and In 3d3/2 correspond to In-N bonds and In-O bonds (Table II) . The N 1s XPS spectrum reveal a dominant sub-peak corresponding to N-In bonds which is more intense than the sub-peak corresponding to N-O bonds. A slight shift from higher to lower binding energies for N 1s peaks was observed when the deposition temperature was increased. This was correlated to the lower stress (higher crystallinity of InN) and lower oxygen content in the InN film (Fig. 8a,b) and stoichiometries closer to 1:1 (In:N) ratio that were obtained at higher deposition temperatures. XPS measurements on InN films grown under 2800 W plasma power at 320 ºC show that a change in ammonia flow rate from 50 sccm to 75 sccm and further to 100 sccm, led to a significant reduction in oxygen content from 24 at.% to 5 at.% while the N content increased from 29 at.% to 44 at.%. The In/N ratio (Table III) indicating the shift from highly nitrogen deficient films with In/N ratio of 1.64 (for 50 sccm ammonia flow) to a stoichiometry closer to 1 with In/N ratio of 1.1 (for 75 sccm and 100 sccm). The lower oxygen content in the film bulk could be caused by the slightly larger crystalline grains formed with higher ammonia flow (Fig. 5a-c) , which would lead to less grain boundary diffusion of oxygen. (Fig. 8) . Another plausible reason for the lower oxygen content in the film bulk could be that the higher ammonia flow would reduce the impact of any oxygen containing species in the plasma discharge since a higher ammonia flow would render a lower partial pressure of the oxygen containing species. ratio is 1.46 at 260 °C. 11 The In/N ratio of 2.8 ± 0.7 has been reported on MBE grown
InN. 23 Thus, the InN film grown in our study using NH3 plasma has much better stoichiometry compared to MBE grown InN, better stoichiometry compared to N2 In 3d XPS spectrum (Fig. 10 ) again show two spin-orbit doublets; In 3d5/2 and In 3d3/2
for InN thin films grown at 50 sccm, 75 sccm, 100 sccm of ammonia flow. The sub-peaks of the In 3d5/2 and In 3d3/2 correspond to In-N and In-O bonds (Table IV) . The N 1s XPS spectrum reveal a dominant sub-peak corresponding to N-In bonds which is more intense than the sub- To further understand the deposition process, we collected OES spectra during InN deposition at 320 ºC with plasma powers of 2400 W and 2800 W and with NH3 flow rates of 50 sccm, 75 sccm and 100 sccm. A carrier flow of 100 sccm Ar was used for all experiments (see Fig. 11 and Table V) . The emission spectra for the 2400 W and 2800 W of NH3 plasmas were found to be very similar with the same peaks positions and almost the same peaks intensities. The prominent lines were observed as a line related to NH at 336.1 nm, a line related to N2 at 357.1 nm, a shoulder related to CN at 388.5 nm, and a line related to N2 + at 391.4 nm. The NH, N2, and N2 + species were not observed to increase with increased plasma power but with increased NH3 flow rate (Fig. 11a, and Fig. 11b) ). 26 CN species are attributed to the plasma−surface interactions; species created at the surface in reactions with the ammonia plasma and surface bound methyl groups, which are then further decomposed in the plasma making them visible as CN in OES measurement, and then removed from the chamber during the purge step. 27 The OES measurements could not find any optically active oxygen containing species and can thus not confirm any formation of oxygen containing species in the plasma discharge in the quartz tube. It is important to note that the OES measurements only detect optically active species and possible oxygen containing species might not be optically active. The OES measurements are thus not suggesting that oxygen containing species are not formed in the plasma discharge. InN thin film (39 nm thick) grown at 320ºC and 2800 W was studied by Raman scattering measurements (Fig. 12) . Reference spectra from bare Si substrate are also displayed for comparison (bottom curves in each panel). Expanded views of the spectral regions 150-490 cm -1 , and 530-650 cm -1 are shown in Figure 12 (a-d).
According to the factor group analysis six optical modes can be observed for crystalline
InN in the first-order Raman spectrum: A1(TO), A1(LO), E1(TO), E1(LO), E2(high), and E2(low). 31 In our Raman scattering experiments, the A1(TO) and A1(LO) modes of hexagonal InN were observed at wave numbers of 447 cm -1 and 586 cm -1 together with peaks ascribed to yet unidentified defects at 180 cm -1 and 375 cm -1 . 32, 33 The band peaking at 436 cm -1 is due to second-order Raman scattering from the Si substrate. 34 The sharp rise in parts (c, d) of the Figure 12 is due to the wings of the strong Raman peak of the substrate at 520 cm -1 . Furthermore, the Si-substrate related mode at 520 cm -1 has obviously shoulders on the left-and right-hand side that covers the broad range from ~460 cm -1 to ~580 cm -1 where other phonon modes such as E1 (TO), E2 high could exist. [35] [36] [37] Thereby, the Raman spectra also support that crystalline InN dominated by hexagonal phase was grown on Si. Using ellipsometric spectroscopy, we obtained refractive index (n) and extinction coefficient (k) of InN films deposited at 320 ºC and 360 ºC (Fig. 13a) .
Refractive index was measured to be 2.6 and 2.7 at 650 nm, while it was measured to 
IV. SUMMARY AND CONCLUSIONS
We show the development of a self-limiting InN growth process utilizing trimethylindium and ammonia plasma in a remote plasma ALD system at 240-360ºC
and 2400-2800 W plasma power. We find a narrow thermal ALD window between 240 ºC and 260 ºC with a growth rate of 0.36 Å/cycle. The crystalline quality of the InN was found to improve significantly with temperature and self-limiting deposition chemistry was demonstrated also at 320 ºC. The deposited InN films at 320 ºC, 2800 W and 100 sccm of NH3 flow are polycrystalline by GIXRD with carbon content below 1 at. % and oxygen level below 5 at. % in the film bulk, indicative of a well-functioning ALD surface chemistry. The InN films were found to be nearly stoichiometric by XPS with In/N ratio of 1.1. We ascribe the film bulk oxygen content to film oxidation caused by grain boundary diffusion of oxygen upon exposure to air and possibly also by oxygen containing species possibly formed in the plasma discharge done in a quartz tube. The ammonia plasma was found to contain NH, CN, N2, N2 + and hydrogen radicals by OES. We find that the NH3 flow through the plasma discharge is an important parameter for depositing films with high crystalline quality and low impurity levels. The refractive index of the InN films was measured to be 2.7 at 650 nm, and 2 at 1400 nm, respectively. The optical band gap of the InN films was measured to about 1.9 eV. 
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